Abstract: To elucidate the phylogenetic relationships of Hylopetes, the complete cytochrome-b gene sequences (1,140 bp) were determined from degraded museum specimens for phylogenetic study. The large genetic differences (18.1% to 20.7%) separate Eoglaucomys from Hylopetes as a distinct genus. Phylogenetic relationships reconstructed with maximum parsimony, maximum likelihood, and Bayesian methods show that all Hylopetes were genetically clustered as two major groups, the Indochinese Hylopetes group including H. alboniger and H. phayrei, and the Sundaic group consisting of H. lepidus, H. nigripes, and H. spadiceus. The close genetic relationship and the recent divergence suggest that the Indochinese group rapidly extended to their present distributions with the uplifting of the Himalayas last few million years ago, whereas the oceanic tectonic movements during the Pliocene-Pleistocene resulted in the current geographical distributions of the Sundaic group through alteration of dispersal across the islands of the Sunda Shelf.
Introduction
Flying squirrels inhabit various kinds of forests either in lowlands or in mountains up to 4,000 meters in elevation from Pakistan, Kashmir to East Asia, Southeast Asia and North America (Wilson & Reeder 1992; Nowak 1999 ), and exhibit a high level of geographic variation in morphological characteristics, such as pelage color, cranium and dental structures. In the absence of experimental breeding data, the phylogeny and classification of geographically isolated populations must rely on relative differences in morphology, behavior, and biochemical and genetic data (Garner & Ryder 1996) .
Using cytochrome-b gene, researchers have successfully determined the interspecific phylogeny in a wide range of mammalian taxa, such as the phylogenetic relationships of some squirrels and flying squirrels (Arbogast 1999; Mercer & Roth 2003; Herron et al. 2004; Oshida et al. 2000 Oshida et al. , 2004 Yu et al. 2004 Yu et al. , 2006 . However, the interconnected montane ecosystems associated with flying squirrels became fragmented into patterns of disjunctive distribution due to recent logging, overhunting and overgrazing, and opportunities for investigating flying squirrels have been limited to studying specimens represented in museums and academic institutes. A number of disagreements and uncertainties about the phylogeny and taxonomy of flying squirrels remain (Corbet & Hill 1992; Thorington et al. 1996; Nowak 1999; Wang 2002; Mercer & Roth 2003; Oshida et al. 2004 ). This uncertainty is especially the case for the forms of Hylopetes.
The arrow-tailed flying squirrel (Hylopetes) is a polymorphic genus and occurs from the eastern Himalayas to the Greater Sundaland. The natural habitats of Hylopetes are subtropical or tropical dry forests which are continuing to decline in extent and quality. The taxonomic status of Hylopetes and Eoglaucomys (the small Kashmir flying squirrel) has been controversial for a long time, but both morphological and molecular data (i.e., mitochondrial cytochrome-b gene) supported the generic status of Eoglaucomys (Thorington et al. 1996; Nowak 1999; Oshida et al. 2004 ).
More than ten Hylopetes forms have been described as valid species in different taxonomic revisions on the basis of dental and cranial characteristics and external structures. However, recognition of some species is based on few specimens; some are based solely on skins; and some actually are synonyms or subspecies of other valid species (Corbet & Hill 1992; Wilson & Reeder 1992; Nowak 1999; Thorington & Hoffmann 2005; Rasmussen & Thorington 2008) . Observations in the wild have been precluded by the rarity of some Hylopetes populations and practically nothing is known about their biological activities. For example, H. bartelsi Chasen, 1939 (the Bartel's flying squirrel) is found only from Mt. Pangrango, west Java, Indonesia; H. sipora Chasen, 1940 (the Sipora flying squir- Explanations: * numbers of samples used for sequencing; ** tissue samples used for sequencing or sequence resources; # sequence of this sample was used for data analysis.
rel) occurs only in the Sipura island of the Mentawai Archipelago, south west of Sumatra (Thorington & Hoffmann 2005) and H. winstoni (Sody, 1949) (the Sumatran flying squirrel) is known only from a single specimen on the island of Sumatra. No specimens, either skin or skull, of these three species were publicly available for academic study. Usage of the names spadiceus (the red-cheeked flying squirrel), lepidus (the pink-cheeked flying squirrel), and platyurus (the gray-cheeked flying squirrel) has historically been quite confused and some written material may refer to a species different from that indicated (Rasmussen & Thorington 2008) . The species of H. platyurus was formerly included in lepidus (Corbet & Hill 1992; Pavlinov et al. 1995 ), but was placed in H. spadiceus (Thorington & Hoffmann 2005) . Later, H. platyurus was considered to be a valid species due to its distinct morphological characteristics from H. spadiceus and H. lepidus (Rasmussen & Thorington 2008) . The phylogenetic hypothesis inferred from mitochondrial cytochrome-b gene (Oshida et al. 2004) and anatomical characteristics (Thorington & Darrow 2000) supported the close relationship between Glaucomys and Eoglaucomys, while the molecular data of the nuclear gene (IRBP) and mitochondrial 12S and 16S ribosomal DNA (Mercer & Roth 2003) showed that Glaucomys was closely related to Hylopetes. However, there is not sufficient evidence from molecular studies to ascertain the phylogenetic relationships of Hylopetes. Indeed, nearly every new collection or study undoubtedly leads to changes in details.
In the present study, we reconstructed the phylogenetic relationships of Hylopetes, including H. alboniger (the parti-colored flying squirrel), H. phayrei (the Indochinese flying squirrel), H. lepidus, H. spadiceus, and H. nigripes (the Palawan flying squirrel), based on the complete cytochrome-b gene sequences (1,140 bp) determined from the available degraded museum specimens. The divergence times of Hylopetes, Eoglaucomys and Glaucomys were estimated by using Bayesian dating approach (Thorne et al. 1998) . The results were used to test the phylogenetic hypothesis proposed based on both molecular and morphological data and for deducing the evolutionary and biogeographical history of Hylopetes and Eoglaucomys.
Material and methods

Samples
Complete mitochondrial cytochrome-b gene sequences were determined from museum specimens, including hair and skin. All tissue samples were collected from the Florida Museum of Natural History (FLMNH) (Gainesville, USA), the National Museum of Natural History (USNM) (Washington DC, USA), the Institute of Zoology, Chinese Academy of Sciences (IOZ, CAS) (Beijing, China); and the Kunming Institute of Zoology, CAS (KIZ, CAS) (Kunming, China) ( Table 1) .
DNA extraction and PCR amplification
Since museum skins and hair were primarily used for sampling, the chance of cross contamination is high and potentially difficult to recognize, and inclusion of control reactions is essential for monitoring the success of PCR reactions. In this study, these low-copy/low-quality samples were extracted and amplified in a dedicated room. A positive control with the skin of fox squirrel (Sciurus niger L., 1758) and a negative control containing no template DNA were set to detect potential contamination in DNA preparation and amplification. Prior to extraction, skin samples were kept in an eppendorf containing solvent (10 mmol L −1
• C for 24 h. Then soften skin samples were cut into pieces of less than 1 mm 3 and dissolved in PBS (phosphate buffered saline) containing 1% trypsin at 37
• C for 4 h. After centrifuged at 3,000 rpm for 10 min, total DNAs were extracted by using the DNeasy tissue kit (QIAGEN Inc., Valencia, CA) and following the protocol recommended by the manufacturer.
Because some specimens were collected more than 50 years ago and are in very poor condition, only 200-400 bp could be determined from each PCR amplification. Multiple amplifications were performed to circumvent the possible sequence errors induced by DNA damage. Our pilot experiment revealed that the quality of PCR products was dramatically improved after the total DNAs of H. spadiceus and H. nigripes were purified by the QIAquick PCR purification kit (QIAGEN Inc., Valencia, CA). Multiple samples of the same species and 9 universal primers were used to amplify a 1,140 bp of cytochrome-b gene sequence with PCR (Table 2 ). The PCR amplification was carried out with an initial cycle of 5 min at 94 • C, 500 mM KCl, 0.01% gelatin), 4.0 µl of 10 mM dNTPs, 3.0 µl of 25 mM MgCl2, and 0.2 unit of sigma Taq DNA polymerase (Sigma Chemical Co., St Louis, MI), or 0.1 unit of eppendorf Taq DNA polymerase (Eppendorf AG, Hamburg, Germany). PCR products were purified from low melting agarose gels (1.4%) by using the QIAquick PCR purification kit. During purification, samples were washed twice with 700 µl and 500 µl wash buffer (PE), respectively. Purified products were sequenced directly with the same PCR primers from both directions in an automated DNA sequencer (ABI PRISM 3730) using Big Dye terminator v3.1 at ICBR (the Interdisciplinary Center for Biotechnology Research) of the University of Florida (Gainesville, FL, USA). The variant sites of sequences were rechecked by comparing the four-color electromorph of sequencing data against the computer results. Each complete cytochrome-b gene sequence was assembled based on the sequence fragments of the same sample and confirmed/validated with the sequences derived from other samples. The sequences determined in this study were deposited in GenBank (Table 1) .
Phylogenetic analysis
The PAUP (version 4.0b10) program package (Swofford 2002 ) was used to perform phylogenetic analyses. Quantitative pairwise comparisons between taxa were made for the complete cytochrome-b gene sequences using a Kimura 2-parameter model of evolution.
Maximum parsimony (MP) and maximum likelihood (ML) methods, and Bayesian analysis of the complete cytochrome-b gene sequences (1,140 bp) were applied to reconstruct the phylogenetic topology of Hylopetes. The MP tree was generated with equally weighted maximum parsimony and a heuristic search algorithm with 100 randomaddition sequences. The inferred tree topology was quantified by bootstrap values that were derived from 1,000 replicates.
To generate the best maximum-likelihood tree for these data, GTR+I+G was selected as the substitution model by the Modeltest3.06 program (Posada & Crandall 1998) with AIC criterion. The ML tree was reconstructed with a heuristic ML search algorithm with 10 random additional sequences and TBR branch swapping. Tree reliability was assessed by 1,000 bootstrap replicates. Bayesian analyses were performed using MrBayes 3.04 with TrN+I+G model selected by MrModeltest v2 (Nylander 2004 ) with AIC criterion. Three separate runs were performed with four Markov chains starting from a random tree. Each run was conducted with 5,000,000 generations and sampled every 100 generations. The first 500 samples of each run were discarded as burn-in, and the remaining samples were analyzed to find the posterior probability of clades.
Both molecular and morphological data indicated that flying squirrels are a well-supported monophyletic group and form two major lineages, Glaucomys and Petaurista groups (Thorington & Darrow 2000; Mercer & Roth 2003; Herron et al. 2004) . Eighteen million years were considered as the basal divergence time of cladogenesis of these 2 lineages, which was inferred from the molecular data of the nuclear gene coding for interphotoreceptor retinoid-binding protein (IRBP) and mitochondrial 12S and 16S ribosomal DNA (Mercer & Roth 2003) . Bayesian dating approach (Thorne et al. 1998 ) was used to estimate divergence times based on the ML topology, with PAMLv3.14 (Yang 1997) and Multidivtime 09.25.03 (Thorne & Kishino 2002) software packages. The pre-required estimation of the parameters was obtained using Baseml of the PAML v3.14 package (Yang 1997 ) and the F84+G model (Thorne & Kishino 2002; Rutschmann 2005) . Because Eoglaucomys and Hylopetes are included in the Glaucomys group, in order to increase the reliability of tree topology, Petaurista albiventer (the red giant flying squirrel) (Wang 2003) and Pteromys volans in the Petaurista group were selected as the outgroup taxa for phylogenetic reconstruction.
Results
Multiple samples from each species were selected for sequencing, but the complete cytochrome-b gene sequences (1,140 bp) were determined only from 1 or 2 samples. Fragmental sequences (200-400 bp) were obtained from most of the samples. Alignments performed on the sequence fragments of each species found no strange changes in amino acids or stop codons in the gene. The pairwise comparisons between taxa (Table 3) showed that the average level of the estimated sequence divergence between Glaucomys and Hylopetes (14.6-19.0%) was less than that observed between Eoglaucomys and Hylopetes, with genetic differences ranging from 18.1 to 20.7%. The genetic differences within Hylopetes species varied from 7.3 to 17.9%. The genera Petaurista and Pteromys were significantly differentiated from the Glaucomys group, with 19.6-24.5% sequence variation.
Phylogenetic reconstructions using MP, ML, and Bayesian methods resulted in the same branching patterns (Fig. 1) . With Petaurista and Pteromys as the outgroup taxa, Eoglaucomys, Glaucomys, and Hylopetes formed a monophyletic group with high bootstrap iterations (90% in MP and ML, and 100% in Bayesian method). Consistent with the genetic variations observed in pairwise comparisons (Table 3) , Hylopetes and Glaucomys showed a close evolutionary relationship, with moderate bootstrap support (90% in MP, 77% in ML, 80% in Bayesian method). In addition, the MP, ML, and Bayesian analysis strongly support the sister relationship between Glaucomys and Hylopetes, which was diverged about 17 (± 3.2) mya (million years ago). All Hylopetes were clustered as two major clades: H. alboniger and H. phayrei as one group, which diverged about 5.3 (± 3.1) mya, and H. nigripes, H. lepidus and H. spadiceus as another group. The divergence time between H. lepidus and H. spadiceus was about 7.2 (± 2.4) mya. The separation of the two clades obtained with 85% in MP, 99% ML and 100% Bayesian supports and could have occurred approximately 12.8 (± 4.4) mya. Although H. nigripes was placed as a sister group of the H. lepidus-spadiceus clade, this relationship was weak, with very low bootstrap support (59% in MP, 50% in ML, and 51% in Bayesian method).
Discussion
Phylogenetic relationship between Eoglaucomys and Hylopetes
The genetic differentiation observed in this study is in complete agreement on the evolutionary distance that separates Eoglaucomys from Hylopetes as a valid genus (Table 3, Fig. 1 ), which is consistent with the previous inferences (Thorington et al. 1996; Thorington & Darrow 2000; Mercer & Roth 2003 , Oshida et al. 2004 ). Our phylogenetic analysis revealed that Glaucomys is more closely related to Hylopetes rather than to Eoglaucomys. This observation supported the phylogenetic hypothesis accepted by Mercer & Roth (2003) but differentiated from that of Oshida et al. (2004) and Thorington & Darrow (2000) . In fact, the previous molecular phylogenetic studies of Hylopetes were performed based only on H. phayrei (the Indochinese flying squirrel) and/or H. lepidus. The inclusion of more Hylopetes species in the present study recovered the phylogenetic tree with a higher level of confidence.
The only flying squirrel in the New World is Glaucomys, which includes two subspecies (Arbogast 1999) and widely inhabits temperate and subtropical forests in North and Central America. Although Glaucomys is morphologically similar to Eoglaucomys (Thorington et al. 1996; Thorington & Darrow 2000) , our molecular data revealed that Glaucomys is closely related to Hylopetes, which was obtained with strong MP (90%) and moderate ML (77%) and Bayesian (80%) supports (Fig. 1) .
The populations of Eoglaucomys are mainly found in northeastern Afghanistan, Kashmir, adjacent parts of northern Pakistan, and India (Niethammer 1967; Roberts 1997) and are sympatric with P. albiventer and Eupetaurus (the woolly flying squirrel) in some regions (Zahler & Woods 1997) . Compared to Petaurista, Eoglaucomys is more adaptable to less mesic conditions and to living in drier regions where the forest is predominantly coniferous. The Hylopetes species are notable for isolated geographical distributions occurring from the eastern Himalayas to Greater Sundaland. The habitats of Hylopetes include various kinds of forest, from coniferous to sub-tropical, tropical or evergreen forest, as well as clearings and cultivated areas (Nowak 1999) , with elevation ranging from 150 to 3,500 m a.s.l. The sympatric distribution of H. alboniger, P. albiventer, and Trogopterus was extensively observed at different elevations (1,000 to 2,500 m a.s.l.) along the eastern extreme of the Himalayas in western Yunnan, China. The geographical distribution of H. alboniger in southwestern China is similar to that of Eoglaucomys in Pakistan, but the habitat of H. alboniger is composed largely of fir and spruce with hardwoods. The unique morphological structures and different genetic characteristics of Eoglaucomys are associated with its special habitats and early divergence (18 mya) from Glaucomys and Hylopetes.
Phylogeny of Hylopetes
With placing Pteromys volans and P. albiventer as the outgroup taxa, the topology of the included flying squirrels is extremely well established. All species in Eoglaucomys, Glaucomys, and Hylopetes formed a monophyletic group and were separated into three major mtDNA clades. The patterns of molecular characters and species associations within Hylopetes correspond with variations of local geological formations in the Himalayas and southeastern Asia.
The Hylopetes species are distributed in different zoogeographic subregions of the Oriental region (Lekagul & McNeely 1988; Corbet & Hill 1992; Zhang et al. 1997) . The Hylopetes samples included in this study were genetically clustered as two major groups ( Fig. 1) with strong bootstrap and Bayesian supports. Both H. alboniger and H. phayrei belong to the Indochinese subregion and are extensively co-distributed in Thailand, Indochina, Burma, and southern China. The habitat is tropical, subtropical, or evergreen forest, with low elevation (500-1,500 m a.s.l.) and within reach of the southwest and south monsoon. In addition, the population of H. alboniger occurring in the eastern extreme of the Himalayas occupies temperate coniferous forest at middle elevations (1,500-3,000 m a.s.l.) or deciduous and subtropical forest at low elevation. The close genetic relationship and the recent divergence (5.3 mya) between H. alboniger and H. phayrei suggest that the two populations rapidly extended their ranges to the present distributions in a short time (Jorgensen & Demarais 1999) .
In southeastern Asia, mammals are overwhelmingly affiliated with the Oriental fauna, with relatively few species of Palearctic affinities. Many species have migrated south from Burma and southern China along the forested mountains of the Thai-Burma border into Malaya, Sumatra, Java, and Borneo (Lekagul & McNeely 1988) . The populations of H. nigripes, H. lepidus, and H. spadiceus are distributed in the Sundaic subregion. Although the close phylogenetic relationship between H. lepidus and H. phayrei was observed in previous study (Oshida et al. 2004) , our results supported a sister relationship of H. nigripes and the H. lepidusspadiceus clade, when more Hylopetes species were in-cluded. However, this relationship is not as strong as is expected, with a low bootstrap support (Fig. 1) . The habitats of these Sundaic Hylopetes are not well known but apparently are tropical and subtropical forests up to 1,210 m in elevation. Also, because the ranges of these flying squirrels are poorly recorded, with nearly every new collection will reveal new distribution limits. Further research will undoubtedly lead to changes in the systematics and biogeography of Hylopetes.
Biogeography of Hylopetes, Glaucomys, and Eoglaucomys Although the origin of flying squirrels is not evident to us, the fossil records suggested that there were multiple lineages of flying squirrels in Eurasian continent during the Oligocene-Miocene, including two genera appeared in the Oligocene and seven occurred in the Miocene (Mein 1970; Black 1972; Bruijn & Uney 1989; De Bruijn 1999) . Those fossil remains and the radiation inferred from molecular data (Mercer & Roth 2003; Oshida et al. 2004; Herron et al. 2004 ) indicated that the major divergence of flying squirrels might have occurred on the northern part of Eurasian continent during the Oligocene-Miocene.
The previous biogeographic study suggested that, after the Oligocene-Miocene radiation of flying squirrels in Europe, the ancestral stock of Petaurista may have radiated towards the south to become the dominant flying squirrels throughout the Eurasian continent during the Pleistocene (Oshida et al. 2000) . Based on the divergence times estimated in this study, Eoglaucomys, Glaucomys, and Hylopetes diverged from the common ancestral stock during the Oligocene-Miocene radiation. The divergence of Glaucomys in North American appears to have descended from a single Asian lineage at 14 mya (Mercer & Roth 2003) that entered that continent with establishment of the Bering Strait (4.8-7.4 mya). In the early-to-middle Pleistocene, Glaucomys diverged into two or three sub-lineages and dispersed to the present geographical locations by multiple vicariant events (Arbogast 1999) .
In the Pliocene-Pleistocene period, the uprising of the Himalayas helped cause the diversification of climate and became an important regulator of the Asian environment (Wang 1984; Zheng et al. 2000) . The tectonic movements and climatic changes of the Himalayas promoted diversification of flying squirrels. During the glacial and inter-glacial periods of the Pliocene and the further uplift of the Himalayas, Eoglaucomys migrated to the western extreme of the great Himalayan chain. The present sympatric distributions of Eoglaucomys with Eupetaurus and Petaurista in the western Himalayan regions owe much to the major climatic changes in the late Pleistocene and the physical barriers to migration (Yu et al. 2004 (Yu et al. , 2006 . Our molecularclock tree also indicated that the divergence of Hylopetes took place in the latest Miocene and earliest Pliocene, and then gave rise to different lineages, including the Indochinese and the Sundaic groups. With the uplifting of the northwestern Tibetan Plateau in the last few million years ago (Zheng et al. 2000) , H. alboniger and H. phayrei may have extended their distribution to the present geographical regions. The oceanic tectonic movements during the Pliocene-Pleistocene period resulted in the present geographical distributions of H. lepidus, H. nigripes, and H. spadiceus through alteration of dispersal across the Sunda Shelf islands.
